Lesions of cerebrocortical necrosis experimentally induced in pigs by transcalvarial freezing with liquid nitrogen were slightly fluorescent 48 hours after surgery. Fluorescence increased greatly thereafter and was most marked grossly under ultraviolet illumination with a wavelength of 366 nm at 7 days. Fluorescence of the necrotic focus persisted up to 35 days after surgery. Detection of cerebrocortical necrosis by ultraviolet illumination of fresh specimens during gross inspection is useful in determining the extent and distribution of lesions. This would aid more accurate selection of brain sections for histological examination in various. encephalopathies.
In spontaneous polioencephalomalacia of lambs and calves an autofluorescent pigment, identified as ceroid-lipofuscin [11] , develops in the necrotic cortical and deeper brain lesions. It has not been determined whether this phenomenon is specific for polioencephalomalacia or whether it is a general characteristic of brain necrosis.
The nature and properties oflipofuscin, particularly with reference to its occurrence in neurones as an age-related event, have been reviewed (I, 2] . Lipofuscin is composed of a heterogeneous lipid and a protein with an amino acid content similar to that of whole tissue homogenate. Its accumulation is the single most reliable cytological indicator of senile change. The rate at which it accumulates in cells depends on the metabolic and physiological demands of the cell and the activity of its oxidative enzymes.
Ceroid-lipofuscin accumulates in the cytoplasm of many different cells as an agerelated phenomenon. Its accumulation is accelerated in certain diseases. Ceroid accumulation in hepatocytes, hepatic macro phages and Kupffer cells has been reported in relation to experimentally induced dietary cirrhosis in rats [4, 7, 12, 16, 17] in which low protein -high unsaturated fat and choline deficiency were significant factors. In carbon tetrachloride hepatotoxicity, ceroid deposition was enhanced by olive oil ingestion [3] . Ceroid pigment in macrophages and Kuppfer cells were found in fluke-infested sheep livers, in canine mammary gland tumours [15] and in vitamin E deficiency-enhanced iron-intoxicated livers [6] .
The genesis of ceroid-lipofuscin pigment is not determined. The products of hepatocytic necrosis may be the source of the pigment in experimental cirrhosis [3, 8] . Alternatively, hepatic ceroid may be a product of altered hepatocytic metabolism because it is present in living cells as well [5] . Ceroids have been considered derivatives of highly unsaturated dietary lipids and contain 1,2-g1ycolic or 1,2aminohydroxy groups, or both, as well as epoxides [1].
The first report on the occurrence of this pigment was in 1941; it was called "ceroid" in another paper the following year [9, 10, 14] . Ceroid is believed to be a stage in the evolution of lipofuscin and is indistinguishable morphologically and histochemically from the latter [1]. Autofluorescence oflipofuscin is its most sensitive characteristic for light microscopic identification [1], and is attributed to the polymerization of aldehydes produced by progressive oxidation of lipids [13] .
Materials and Methods
Six 7-week old routinely raised pigs were anaesthetized by halothane inhalation with a vaporizer. A mixture of nitrous oxide and halothane was used for surgical anaesthesia. The skin over the right eye, near the parieto-occipital area, was prepared for surgery. A 3-cm skin incision was made and the edges reflected by blunt dissection to expose the cranium.
A 2-cm diameter polyethylene tube was inserted and held vertically over the incision. Liquid nitrogen was introduced into the tube through a polyethylene funnel. The tube base was sealed to avoid spillage of liquid nitrogen by allowing a small pool of blood to freeze around the opening in the skin. There was transcalvarial freezing of the parieto-occipital cortex for 2 to 3 minutes.
The skin at the edge of the incision was allowed to thaw, the polyethylene tube removed and the incision was closed with 2-0 Vetafil (Vetafil, Central Sales, Brampton, Ontario). The pigs were observed for clinical signs during recovery and periodically thereafter.
Pigs were killed at 12, 24'and 48 hours and 7, 14 and 35 days after surgery. Fresh brains, frozen coronal sections and 10% buffered formalin-fixed coronal sections were examined with ultraviolet illumination (A = 366 nm). Histological preparations with haematoxylin and eosin (HE), periodic acid-Schiff (PAS), Luxol fast blue, modified acid fast and Nile blue sulfate stains were studied under regular and ultraviolet lighting. Ceroid-lipofuscin pigment was identified by autofluorescence and positive reactions with PAS, modified acid fast and Nile blue sulfate stains.
Two untreated healthy pigs were controls.
Results
Pigs had mild blepharospasm of the right eye and mild head tilt towards the right after recovery from anaesthesia. These signs were not detectable after 8 to 10 hours and no clinical signs referable to neurological deficits were observed. At 12 hours after surgery' in pig 1, the skin at the site of incision was dark purple, edematous and well demarcated from surrounding normal skin. Extending over the frontal region were subcutaneous focal haemorrhages and edema. Eyelids and conjunctiva of the right eye were slightly edematous and congested. A patch of haemorrhage about 2 to 3 em in diameter on the external and internal surface of the cranium and the underlying dura mater marked the site of cortical necrosis. The necrotic focus of 2 to 3 em in diameter had a distinct border, was dark red, soft and extended about 0.5 to 0.75 em into the parieto-occipital cortex.
In pig 2, the skin and cortical lesions at 24 hours resembled those of pig 1. By 48 hours, in pig 3, the skin lesion was less edematous and congested and organised friable fibrin strands occupied the subcutaneous defect. The affected periosteum was easily lifted and the dura mater was adherent to the cranium by friable fibrin strands. The focus of brain necrosis was dark but grey in the centre and liquefaction was evident especially along the boundary of the necrotic area resulting in a sequestrum.
At 7 days in pig 4, the surface of the skin incision was dark and dried with subcutaneous liquefaction necrosis. The underlying bone was devoid of periosteum. The dura mater adhered to the cranium and the surface of the necrotic cortical focus. The area of necrosis was well defined, 2.5 em across and 1 em deep and had a small central cavity containing liquified necrotic debris ( fig. 1 ).
By 14 days in pig 5, the skin incision was dark and necrotic. The underlying bone was also necrotic and formed a sequestrum. The area of cortical necrosis was isolated from the deep cortex and white matter by a peripheral zone of fibrosis continuous with the meninges and dura mater.
A depressed 3-cm diameter scar covered by a dry crust was all that was left at the surgical site at 35 days. A small 1 to 1.5 em red focus on the outer surface of the calvarium marked the site of the lesion where the dura mater was firmly adherent to both the meninges and the calvarium. A yellow, firm, depressed focus 1 to 1.5 em across and 0.5 to 1 em deep on the cerebral cortex indicated the site of the cortical necrosis. Table I shows results of examinations of fresh brain, a frozen coronal section and formalin fixed sections with ultraviolet illumination.
Although not quantitated, fluorescence appeared most intense at 7 days ( fig. 2 ) and fresh specimens had greater fluorescence intensity than frozen or formalin-fixed specimens. At 48 hours the presence of fluorescence was equivocal but upon examination under a dissecting microscope fluorescent foci were more readily identified. Fluorescence is diminished considerably by formalin fixation after about 5 to 7 days and was undetectable after 2 to 3 months.
The cerebral lesion was focal cortical necrosis. At 12 and 24 hours after surgery, the focus had coagulation necrosis, scattered peripheral haemorrhages, capillary fibrin thrombi and marked neutrophil infiltration at the periphery and submeningially. Mononuclear infiltrate composed of macro phages was slight but increased significantly by 48 hours, when many macrophages had a foamy cytoplasm that stained positively with PAS and Nile blue.
By 7 days after surgery, the necrotic area formed a sequestrum with central liquefaction necrosis and some mineralization of necrotic cell debris. The border had a prominent band of foamy macrophages, similar to those described earlier. The The lesion at 14 days resembled that seen at 7 days with the addition of a prominent band of fibrosis separating the necrotic area from live tissue.
By 35 days after surgery, the lesion had become smaller and had a prominent accumulation of foamy macrophages, particularly in the submeningial space. Marked astrocytosis and gliosis extended into the underlying white matter, where vacuolation was evident. The border of the necrotic focus was outlined by marked fibrosis continuous with thick overlying meninges.
With ultraviolet microscopy (;\ = 400 peak nm), unstained and HE-stained sections had intense fluorescence in macrophages as well as minor fluorescence in extracellular debris, erythrocytes and affected brain ground substance (Fig. 3, 4 ).
Discussion
Transcalvarial freezing has been used successfully to produce focal cerebrocortical necrosis in the brain of pigs. It is a simple, easily performed procedure with few, if any, untoward effects Onthe subject. Necrosis of the skin is an undesirable side effect. Perhaps this could be avoided if the skin incision were made larger and the blunt dissection to lift the skin extended further laterally so that the incision edge made no contact with the base of the polyethylene tube.
Sequestration of the bone overlying the lesion in pig 5 may be a complication of prolonged freezing. Thus the application of liquid nitrogen should not exceed 3 minutes and the base of the tube should not exceed 2 em in diameter.
The ceroid-lipofuscin pigment in macrophages is likely the breakdown product of cerebral lipids. As brain undergoes necrosis, lipids are catabolised and fragments undergo peroxidation and polymerization to produce the fluorescence that was observed grossly and microscopically [I, 13] . The breakdown of these substances and peroxidative processes within macrophages, which do not make their appearance in any great number at the site of necrosis until about 48 hours after surgery, occurs over a period of time. This would account for the lack of fluorescence in pigs I and 2 and the slight fluorescence in pig 3. The use of fluorescence to detect cerebral necrosis grossly in acute cases therefore may be of limited value unless there is further scrutiny with a dissecting microscope. Not only must the cerebral lipids be phagocytised and processed into the auto fluorescent ceroid-lipofuscin, but the pigment-laden macrophages also must be aggregated in order to provide sufficient fluorescence to be detectable grossly. The greater intensity of fluorescence of the borders of necrotic brain lesions reflects the formation and concentration of the ceroid-lipofuscin by macrophages at the periphery.
Extracellular fluorescence observed under ultraviolet microscopy may be explained by lysis ofexhausted pigment-laden macrophages and release of cytoplasmic contents. The cytoplasmic contents and cellular debris likely would be phagocytised by other macrophages which would then acquire fluorescence of their cytoplasm. Macrophage fluorescence thus can be the result of phagocytosis and processing of necrotic brain lipids or the engulfment of preformed ceroid-lipofuscin pigment released by lysed macro phages or both. Macrophages therefore serve to concentrate and further process the pigment, perhaps by peroxidation and polymerization. What eventually becomes of the pigment and the macrophages containing it is not known.
For yet unexplained reasons, storage of tissues in 10% buffered formalin causes reduction of intensity or total loss of fluorescence. Examination of fresh or recently fixed brain to detect fluorescence [18] for the selection of histological sections therefore is recommended.
During the course of this study, three cases of spontaneous brain necrosis were seen in routinely submitted cases. Autofluorescence of cerebral and cerebellar cortices was noted upon examination of gross specimens under ultraviolet lighting. The first was seen in a German Shepherd dog. Histologically the cerebrocortical necrosis was related to thrombosis of several large arteries at the base of the brain. The second was of bilaterally symmetrical polioencephalomalacia of the frontal cortex and hippocampus in a pig, suggestive of ischemic necrosis though the cause was never determined. The third was multifocal encephalomalacia in a sheep. There were well demarcated necrotic areas in the cerebellum, midbrain and cerebral cortex. The cause was not determined although the lesions were of ischemic origin. Gross inspection of these cases with ultraviolet lighting was useful for positively identifying the areas for histological examination. Macrophage fluorescence was also seen on HE sections from all three cases.
We conclude that the accumulation of autofluorescent ceroid-lipofuscin is a nonspecific accompaniment of brain necrosis and has been demonstrated in spontaneous bovine and ovine polioencephalomalacia [11, 18] , experimental brain necrosis in pigs and spontaneous cases of idiopathic cerebral necrosis.
